To date, despite very encouraging preclinical results, almost all phase II/III clinical neuroprotection trials in traumatic brain injury (TBI) have failed to show any consistent improvement in outcome for TBI patients. To understand the reasons behind such developments we need to review and evaluate the evolution of trial design as a result of our changing understanding of the pathophysiology of brain cell death and progress of translational research from the laboratory bench to the bedside. This paper attempts to critically appraise these neuroprotection trials, rationalize the paucity of effectiveness, review any recent developments in the field, and try to draw some conclusions on how to move forward.
INTRODUCTION
Traumatic brain injury (TBI) remains a major health problem with serious socioeconomic consequences. Although its incidence is decreasing in most Western countries, 1, 2 according to some estimates, severe TBI will become the third most common cause of death and disability globally by the year 2020. 3 The initial injury, otherwise known as primary injury, has been traditionally considered as irreversible and only amenable to preventative measures like wearing seat belts, helmets, reducing vehicle speed limit, and other traffic improvements. Emerging evidence, however, has challenged this established concept. Primary injury is no longer seen as a single irreversible event occurring at the time of impact, but rather as a process (also known as "secondary brain injury") initiated by the impact and evolving over subsequent hours and days. Experimental work both, in vitro and in vivo has been slowly unraveling a cascade of interplaying mechanisms, which appear to be responsible for the continuing brain cell death following the primary impact of TBI.
The concept of "neuroprotection" is an expanding array of mainly pharmacological interventions that attempt to interrupt these processes and thus improve the outcome of TBI patients. To date, however, despite very encouraging preclinical results, almost all phase II/III clinical trials in neuroprotection have failed to show any consistent improvement in outcome for TBI patients. This paper attempts to critically appraise these neuroprotection trials, rationalize the paucity of effectiveness, review any recent developments in the field and try to draw some conclusions on how to move forward. An extensive review of the clinical trials in TBI has been published following the National Institute of Neurological Disorders and Stroke (NINDS) workshop in May 2000.
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HEAD INJURY TRIALS
At least 20 compounds and therapeutic interventions have been subjected to more than 50 trials in the last three decades. The field has progressed steadily and lessons learned from previous failures were slowly incorporated in subsequent trials. In spite of showing improvement in some surrogate endpoints and strong indications that many of the trial compounds would have beneficial effects, none achieved consistent statistical significance in reducing adverse outcomes in the treatment groups following TBI. Moreover, many trials were halted by the pharmaceutical sponsors because of interim "futility analyses" and in some cases because of safety concerns. Table 1 summarizes the most important of these trials and gives an update on outcome and progress.
To understand the reasons that clinical trials in head injury have failed to show any significant improvement in outcome or in some cases even reached completion, we need to appreciate the following: 1) how our understanding of the pathophysiology of brain cell death has evolved, 2) how translational research progresses from the laboratory bench to the bedside, and 3) how trial design has evolved (specific selection criteria, statistical limitations, and outcome measures).
PATHOPHYSIOLOGY OF BRAIN CELL DEATH
TBI can cause both focal and diffuse damage to the brain. Ischemia, diffuse axonal injury, focal hematomas/ contusions, and edema contribute to a certain degree to the progressive loss of brain cells following TBI. 4 The Adapted from Bullock et al. 4 and Narayan et al. 2 research process and methodology, which has led to our current understanding of the pathophysiology of human TBI, is vital in explaining the rationale behind neuroprotection trials and their success or failure.
Excitotoxicity
Almost two decades ago, in vitro studies and animal models of focal ischemia demonstrated that ischemia (oxygen and glucose deprivation) caused anaerobic metabolism with increased cell glycolysis, lactate production, membrane ionic homeostasis compromise, excitotoxic (mainly glutamate) release, cellular swelling, and massive intracellular calcium (Ca 2ϩ) influx. 5, 6 This in turn resulted in multiple intracellular pathway activation with free radical release and oxidative damage, 7 caspase activation, 8 poly(ADP-ribose) polymerase (PARP-1) activation, 9 -11 energy depletion, and neuronal cell death. Oxidative damage from free radicals resulted in lipid peroxidation and propagation of cell membrane damage and death. In these models, glutamate excitotoxicity through the NMDA receptor, free radical activity (mainly nitric oxide and superoxide), and intracellular Ca 2ϩ were considered central in the pathophysiology of neuronal cell death 12, 13 and became the primary targets of pharmaceutical neuroprotective interventions. A multitude of glutamate receptor antagonists, free radical scavengers and lipid peroxidation inhibitors, and Ca 2ϩ channel inhibitors (see Table 1 ) were developed and achieved spectacular neuroprotection under experimental (often with pre-treatment protocols) conditions. However, their clinical success was not as impressive.
Brain edema
Other mechanisms, such as the kallikrein-kinin system, were also implicated in microcirculation disturbances and brain edema formation following TBI. 14 -16 These data indicated that cerebral contusion damages the blood-brain barrier, resulting in increased uptake and activation of plasma kallikrein-kinin system, leading to the formation of brain edema, microcirculatory dysfunction, and further enhancement of blood-brain barrier permeability, together with focal and perifocal pathological brain damage. A clinical trial of a bradykinin antagonist has been performed 17 (see Table 1 ).
Diffuse axonal injury
Diffuse axonal injury (DAI), on the other hand, had been traditionally considered an acceleration-deceleration injury resulting in widespread neuronal damage: small petechial hemorrhages and brain edema, which could be seen on CT scan, and extensive cytoskeletal axonal damage, which could be seen in neuropathological studies. Initially considered as part of severe TBI, recent evidence has demonstrated that DAI is present with any type of brain injury, focal or otherwise, 18 and that it can be detected in more than 90% of TBI cases. 19 Today, it is well known that DAI is seen in the majority of patients who die after severe TBI (25% to 30%), as well as in those who survive in a persistent vegetative or severely disabled state (4% to 15% of cases, respectively). 20 Axonal damage appears also to underlay the reticular formation disruption in the brain stem, which is thought to be responsible for the coma that follows severe TBI. 21 The cytoskeletal damage of DAI was initially assumed to occur rapidly, due to transmission of shear forces throughout the brain. It is now becoming clear, however, that tearing of axons occurs rarely. 22 On the contrary, a progressive disruption of the axonal membrane is the norm, not only in severe but also in moderate and mild TBI cases. 23 Mitochondrial disruption may play a central role in this process. 24 Very recent evidence, moreover, has indicated that axonal damage and degeneration are not always associated with neuronal death, as it was assumed up to now. It may be possible for neurons to survive such insults and even attempt to regenerate, providing a further chance of recovery or intervention.
25
Mitochondria
Early reports of possible changes in mitochondria associated with brain injury appeared in the Russian and Japanese literature in the 1960s. 26, 27 In the late 70s and 80s, electron microscopy studies confirmed that mitochondrial swelling was an integral part of the subcellular changes following brain injury, 28 and regional brain metabolite level alterations supported mitochondrial dysfunction in TBI. 29 Since then it became progressively clear that disruption of mitochondrial function might play a central role in the pathophysiology of secondary TBI. Mitochondria may act as Ca 2ϩ sinks that sequester Ca 2ϩ to preserve low cytoplasmic Ca 2ϩ concentrations. This Ca 2ϩ load within mitochondria may cause colloid osmotic swelling and loss of function by a Ca 2ϩ -induced opening of the permeability transition pore (mitochondrial permeability transition pore). Mitochondrial dysfunction can lead to energy depletion, free radical release, and further cell death pathway activation. 30 -33 Therapies targeting mitochondrial dysfunction have been developed and are being tried in severe head injury 24,34 -36 (see Table 1 ).
Apoptosis
A parallel mechanism of brain cell death that is also emerging as important in TBI is that of apoptosis. Early in vitro and in vivo experiments in ischemia demonstrated that neuronal cells under specific conditions of substrate deprivation could follow a preprogrammed pathway of controlled cell death known as apoptosis. 37, 38 In contrast to necrosis, cells that undergo apoptosis die without membrane rupture and as a result, elicit less inflammatory reactions. The mechanism is present physiologically to dispose of redundant cell populations, especially during development. Apoptosis was demon-strated in TBI 39 and was quickly correlated with mitochondrial integrity and function. 30 The emergence of the cysteine protease family, known as caspases, as important mediators of apoptosis and the demonstration of their role in TBI, 8 along with the realization that release of cytochrome c from mitochondria can lead to their activation, 40, 41 confirmed further the interrelationship of the various subcellular mechanisms of TBI. 42 No specific treatments targeting caspases and apoptosis have been developed as yet.
All therapies that, to date, have been developed and tried, targeted one specific component of the puzzle, which we very briefly reviewed above. In animal (mainly rodent) studies such a strategy showed clear improvement in outcome measures; this, however, was not repeated in human patients.
It is important to realize that in most clinical trials in severe TBI, the actual mechanism against which the compound was directed had not been demonstrated in human subjects before the commencement of the trial. What do we actually know, therefore, of the human TBI pathophysiology?
HUMAN DATA
Few experimental techniques are directly applicable to humans. The ones employed are mainly imaging and invasive neuromonitoring techniques, which can be used to a varied degree, both for research and clinical purposes. Intracranial pressure (ICP) monitoring, cerebral microdialysis, tissue oxygen monitoring (PtiO 2 ), and jugular bulb oxygen saturation monitoring are the main ones, which give us continuous tissue information on the alterations of the extracellular environment and the intracranial conditions. They are, however, dependent on position (microdialysis and tissue oxygen) and their interpretation is still controversial. Imaging techniques like magnetic resonance spectroscopy (MRS) and PET scanning, as well as histopathological postmortem studies, also provide exciting and invaluable information on metabolic alterations at cellular and subcellular level following TBI. They are non-invasive and can examine multiple brain areas, but their data are "snapshots" in time.
Finally, biochemical methods of analysis have also provided important evidence by demonstrating byproducts of neurodegeneration processes in serum and cerebrospinal fluid (CSF).
With the use of these techniques we have been able to demonstrate 1) that glutamate and aspartate are greatly increased in the brain extracellular fluid of severe TBI patients (correlating with severity of injury and probe position), [43] [44] [45] 2) that regional variations of metabolites can occur depending on the presence of focal contusions and ischemic changes, 46 3) that free radicals might play a role in human TBI, [47] [48] [49] 4) that there is mitochondrial dysfunction following human TBI, 34 and 5) that brain metabolic alterations are important in humans and correlate with reduced regional cerebral blood flow. 50, 51 Moreover, the human response to TBI is not as uniform as the experimental animal one. There is significant controversy currently on the optimal treatment protocol for cerebral perfusion pressure (CPP) following TBI. 52 Traditionally, reductions in ICP both surgical and pharmacological, with avoidance of hypotension and secondary metabolic insults, were considered the main aim of treatment and were uniformly applied to TBI patients. More recent approaches, however, tend to stress the importance of individual variations in human TBI pathophysiology, as cerebral autoregulation and vascular reactivity are considered, 53, 54 or as the volume effects of increased blood-brain barrier permeability and the effects of various iatrogenic interventions are analyzed. 55 No specific benefit has been demonstrated by any approach yet.
These findings indicate that our current understanding of human TBI is still limited. Understanding these mechanisms further and designing mechanism-driven trials, where therapies are targeted to patients with definitive evidence of a pathophysiological process as well as a process observed prior in animals, may result in more effective clinical treatments. We need, therefore, better translation of lab results to the bedside.
TRANSLATION OF EXPERIMENTAL EVIDENCE TO BEDSIDE THERAPIES
Human TBI has been modeled experimentally using various animal models. The rodent lateral-fluid-percussion injury model is the most frequently used worldwide, while rodent models of controlled cortical contusion or weight-drop have also been widely used. 56 Moreover, in vitro studies and animal models of ischemic stroke have made important contributions to the design of these trials, as focal ischemia plays a significant role in the pathophysiology of TBI. 56 None of these models, however, adequately represents the complete heterogeneity of clinical TBI. 57 For example, out of 168 reports that were published in the Journal of Neurotrauma over 5 years (1996) (1997) (1998) (1999) (2000) , only 7% included a secondary insult in the protocol, which was usually hypoxemia alone. 57 In addition, coma, a vital part of the clinical picture of severe TBI, has not been reproduced adequately to date in rodents. Only some large animal models had any success, 21 but few large animal studies have specifically addressed the mechanisms of neuronal damage and only rodent studies offer a well-validated and reproducible tool with established outcome measures to explore such inherently complicated processes.
Preclinical animal studies in TBI demonstrated impressive improvements in both histopathological and outcome endpoints with all the agents that progressed to clinical trials. However, these data were derived from pretreatment or ultra-early treatment protocols, when became increasingly clear that several hours after the injury, complex metabolic and biochemical changes can take place. Moreover, it is possible that by inhibiting one pathway of cell death, another one is up-regulated, probably in a delayed manner. Most of the animal models in use are not designed to detect such delayed changes or responses. 58 In the preclinical stage of development Cerestat, for example, was never tested later than 15 min post-insult in the animal model. Direct extrapolation of the animal models to humans will always be problematic, as it is possible that the responses and therapeutic windows may be different. 2, 4 This might explain not only the lack of efficacy but also the unexpected toxicity encountered in some trials (Selfotel, Cerestat, hypothermia). Prolonged inhibition of NMDA receptors, cytokines, and temperature might result in inhibition of the normal regenerative processes that will ultimately effect brain recovery.
Another potential problem has been that the animals used were highly inbred adult rodent strains of a single sex (male). Although important for reproducibility and consistency of results, these experimental models might introduce unknown biases to the observed responses. Recent studies are attempting to introduce sex and age variables in the experimental paradigms with interesting results. The well-known variability in female responses to brain trauma, with female animals exhibiting smaller lesion volumes and consequently better outcome, 59 was not confirmed in a recent prospective cohort from the tirilazad trial, where premenopausal women were significantly more likely to experience brain swelling and intracranial hypertension than male patients with a comparable injury severity. 60 It is clear, therefore, that translation of experimental results needs to be improved. One way forward might be to expand the experimental protocols to outbred strains and to introduce more clinical variables to the experimental design. We may need to try potential agents in multiple models of TBI, SAH, and ischemia, to simulate more closely the real clinical picture. Targeting multiple components of the secondary cascade and altering the therapeutic window may also provide potential effective alternatives. 4, 58 Moreover, tolerability and safety concerns need to be reviewed and adjusted. Many trials have been halted by the pharmaceutical sponsors because of concerns of behavioral and psychomimetic effects 4 (see also Table 1 ). These events may not be as important in fully sedated, paralyzed, and ventilation-supported patients, where administration of the therapeutic agent is only short-term. Indeed, such toxicity testing is not required for chemotherapy compounds directed at other high-mortality diseases like cancer.
Proper brain penetration of the trial medications also needs to be demonstrated in humans, especially in the presence of decreased cerebral perfusion pressure. No trial performed to date actually demonstrated human brain penetration and activity. Microdialysis is the only technique available that can be used in the early phase of clinical trials to establish brain penetration of the compound under investigation and also to demonstrate biological marker improvement. Use of microdialysis in a phase II trial of Topiramate in severe TBI demonstrated different free-drug concentrations in the extracellular space from that measured in CSF, the traditional method of establishing brain penetration, while indicating biochemical marker improvement correlating with dosing. 61 Similar methodology in an on-going cyclosporin A study is helping to establish human brain pharmacokinetics and has demonstrated that free-drug concentrations in the human brain probably do not mirror those in plasma (unpublished observations). Further advances in microdialysis monitoring with "online," real-time measurements may allow such techniques to provide not only feedback for monitoring therapeutic drug dosing, but also possibly define the therapeutic window in individual patients.
Designing the human trial is obviously crucial in the success of any novel therapeutic intervention. The experimental protocol must take into consideration not only the laboratory results but should try to incorporate clinical parameters and variables as well. The aim is to encompass the spectrum of the disease or equally to limit the target population according to the mechanism under investigation/treatment. This brings us to trial design with the inevitable intercenter variability, statistical problems, and outcome measure sensitivity.
TRIAL DESIGN (STATISTICAL PARAMETERS, INTERCENTER VARIABILITY, AND OUTCOME MEASURE SENSITIVITY)
All the clinical trials performed to date followed an established pattern of preclinical development, safety stage, and outcome stage. After the toxicity studies in healthy animals and human volunteers, phase two studies were performed to be followed quickly and sometimes in combination by randomized, double-blind, multicenter trials. Such an approach had been tried in multiple pharmaceutical interventions in the past. Specific inclusion/ exclusion criteria were devised and enforced and recommendations for basic care management and care were suggested to minimize treatment variability. Multiple center involvement was deemed necessary to ensure results could be generalized; however, in the case of head injury, significant problems emerged.
The main problems that many reviews identified in the trial design were 1) population selection (i.e., inclusion criteria and population size), 2)standardization of treatment and center monitoring, and 3) outcome endpoints.
Population selection
The progression from animal to human studies has been criticized as over-hurried and possibly over-ambitious. Treatment paradigms from animal models predicted improvements of outcome in excess of 10% and most trials were designed to demonstrate such an effect and were, as a result, grossly underpowered. 2 Dickinson et al. 62 demonstrated that out of 203 TBI trials none was large enough to reliably detect a 5% absolute reduction in the risk of death or disability, and only eight were large enough to detect an absolute reduction of 10%. Thus it is possible that a type 2 error might have doomed trials that could otherwise have demonstrated a beneficial effect.
One solution that has been proposed if the expected outcome difference is small is that of a "mega-trial" to include a sufficient number of patients and thus have enough statistical power to detect it. Based on such thinking, the CRASH (Corticosteroid Randomization after Significant Head Injury) trial is attempting to enroll 10,000 patients with mainly moderate and mild head injury (60% of the total up to now) and expects to detect a reduction in mortality by 2%. 63 Of course, mortality will come mainly from severe head injury and thus the study may ultimately be unable to demonstrate any significant difference.
Better understanding of the pathophysiology at the preclinical stage should also assist in design, because the expected outcome improvement would be modified accordingly. It has become clear to all investigators that treatment of TBI is very diverse and controversial subject. Attempting to extract small changes in outcome from such a diverse field is probably impossible.
Standardization of treatment
Experience with large multinational, multicenter trials has clearly demonstrated that the heterogeneity of the condition and the population, as well as significant differences in admission policies, population coverage, age and injury mix, and treatment protocols, resulted in significant intercenter variability, which was not corrected by statistical methods. These differences were more evident between continents, but were also between centers in the same country. 64, 65 As a solution to this problem suggestions have been made of pre-randomization stratification by prognostic risk to increase the statistical power of the study by grouping patients with the highest likelihood of a large response. Such a maneuver would probably be impractical in the emergency setting of TBI. Incorporating statistical methods of covariate adjustment is a more feasible approach that might smooth out differences in the research populations. 65 Protocol compliance and center variability has also been recognized as a major problem in international trials. In the hypothermia study only five centers (out of a total of eleven) randomized 88% of the patients. 66 The suggestion to standardize treatment has been made by proposing strict management protocol of CPP, mean arterial pressure and fluid balance, and by closely monitoring protocol adherence and center activity. However, concerns about ability to generalize results, if such an approach is adopted, have also been expressed. 67 
Outcome endpoints
The most widely used outcome measure in TBI trials is the Glasgow Outcome Scale (GOS). It is frequently used as the "dichotomized GOS" of "good" and "bad" outcome. As such the five-point GOS becomes a two-point outcome measure with reduced sensitivity. Although it retains the advantage of discriminating between two clinically, socially, and economically meaningful states, 68 it may not detect subtle improvements in patient outcome. If laboratory injury models were restricted to outcome measures with the same degree of sensitivity as the dichotomized GOS, there would be fewer candidate therapies for clinical trials. Outcome measures such as the Disability Rating Scale or the American Brain Injury Consortium Neuropsychological Test Battery may offer better sensitivity, but suffer from administrative difficulties and inter-observer variability. Ultimately, however, they analyze only a subcategory of patients that are neither severely disabled nor dead. It has been argued that in effect they do not offer any significant advantage over the dichotomized GOS. 68 It is clear that, following TBI, improvements in functional outcome may occur, but it remains doubtful that they will become significant enough to demonstrate efficacy. Overall improvement in mortality and reduction in disability are probably the only primary endpoints that can be robust, reliable, and meaningful. This becomes even more difficult in an era of substantial "spontaneous" improvement of head injury outcome. It is important to realize, moreover, that these improvements have been demonstrated mainly in severe head injury. There is a lack of data for moderate and mild head injury, which constitute the majority of head injuries worldwide. Outcome measures for these injuries are, however, much more difficult to obtain.
Surrogate endpoints may, therefore, offer a solution and allow progress in the field. There has been an array of such endpoints, mainly ICP, biochemical markers, and imaging indices. The U.S. Food and Drug Administration has accepted surrogate endpoints as evidence of efficacy only when there was overwhelming data to correlate a surrogate endpoint with outcome (like choles-terol in heart disease or CD4 count in acquired immune deficiency syndrome). Unfortunately, no such correlation has been demonstrated to date in head injury. The most investigated surrogate marker, ICP, has not been shown to correlate reliably with outcome. Serum and CSF concentrations of S100B have also been correlated with outcome (both functional and morphological) in severe and moderate head injury by many research groups, 69 but significant doubts still remain on the actual tissue source of this protein under trauma conditions and its physiologic significance.
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THERAPIES IN DEVELOPMENT
Apart from the trials described above (Table 1) , a number of pharmaceutical compounds are currently in the early stages of development (Table 2) . It remains to be seen which, if any, of these compounds will succeed in the path of improving outcome after human TBI.
CONCLUSIONS
The ideal trial in head injury is not possible. Specific lessons, however, have been learned from previous attempts and general principles can be suggested: 1) better understanding of the pathophysiology of head injury both severe and moderate is imperative, and the mechanism should be demonstrated in both animal models and human TBI; 2) better translational processes are very important to design therapeutic interventions that have relevance to the clinical practice, brain tissue penetration and pharmacokinetics in human TBI should be carefully considered and investigated, safety data should include interactions with other agents, and the possibility of multiple agent treatment should be explored; 3) the appropriate therapeutic time-window should be identified and dynamic processes should be developed to allow individual patient adjustments, e.g., giving the trial medication at the site of the accident; 4) as a result of the above, specific consideration of the actual consent procedure and serious thought should be given to the concept of waived consent for trials in head injury; 5) proper patient selection is necessary, which will expose to treatment those patients that will benefit most from any potential intervention; 6) identification of an appropriate surrogate endpoint is highly desirable, but it has to be fully validated before it can be applied; 7) careful statistical evaluation before and during any trial will ensure avoidance of pitfalls in recruitment and analysis; protocol adherence and center monitoring is important in establishing internal validity and smoothing out the significant variability in treatment, and 8) full publication of the results of any trial, irrespective of the outcome, is imperative for all investigators to scrutinize the data and draw appropriate conclusions as early as possible. [71] [72] [73] [74] [75] [76] [77] [78] [79] 
